ABSTRACT The rapid emergence of drug-resistant variants of human immunodeficiency virus, type 1 (HIV-1), has limited the efficacy of anti-acquired immune deficiency syndrome (AIDS) treatments, and new lead compounds that target novel binding sites are needed. We have determined the 3.15 Å resolution crystal structure of HIV-1 reverse transcriptase (RT) complexed with dihydroxy benzoyl naphthyl hydrazone (DHBNH), an HIV-1 RT RNase H (RNH) inhibitor (RNHI). DHBNH is effective against a variety of drug-resistant HIV-1 RT mutants. While DHBNH has little effect on most aspects of RT-catalyzed DNA synthesis, at relatively high concentrations it does inhibit the initiation of RNA-primed DNA synthesis. Although primarily an RNHI, DHBNH binds Ͼ50 Å away from the RNH active site, at a novel site near both the polymerase active site and the non-nucleoside RT inhibitor (NNRTI) binding pocket. When DHBNH binds, both Tyr181 and Tyr188 remain in the conformations seen in unliganded HIV-1 RT. DHBNH interacts with conserved residues (Asp186, Trp229) and has substantial interactions with the backbones of several less well-conserved residues. On the basis of this structure, we designed substituted DHBNH derivatives that interact with the NNRTI-binding pocket. These compounds inhibit both the polymerase and RNH activities of RT. H uman immunodeficiency virus, type 1 (HIV-1), reverse transcriptase (RT) is essential for HIV replication. RT converts the single-stranded viral genomic RNA into a linear double-stranded DNA that can be integrated into the host chromosomes (reviewed in ref 1). The enzyme has two activities, (i) a DNA polymerase that can use either RNA or DNA as a template and (ii) an RNase H (RNH) that selectively degrades the RNA strand of an RNA-DNA heteroduplex. The RNH activity of RT is required for virus replication; cellular RNH cannot substitute for the retroviral enzyme (2). The RNH activity degrades the genomic RNA during firststrand ("minus-strand") DNA synthesis, which allows the newly synthesized DNA to be used as a template for second-strand ("plus-strand") DNA synthesis.
H
uman immunodeficiency virus, type 1 (HIV-1), reverse transcriptase (RT) is essential for HIV replication. RT converts the single-stranded viral genomic RNA into a linear double-stranded DNA that can be integrated into the host chromosomes (reviewed in ref 1) . The enzyme has two activities, (i) a DNA polymerase that can use either RNA or DNA as a template and (ii) an RNase H (RNH) that selectively degrades the RNA strand of an RNA-DNA heteroduplex. The RNH activity of RT is required for virus replication; cellular RNH cannot substitute for the retroviral enzyme (2) . The RNH activity degrades the genomic RNA during firststrand ("minus-strand") DNA synthesis, which allows the newly synthesized DNA to be used as a template for second-strand ("plus-strand") DNA synthesis.
HIV-1 RT is a heterodimer consisting of 66 kDa (p66) and 51 kDa (p51) subunits. The two polypeptide chains have 440 N-terminal amino acid residues in common. These comprise four polymerase subdomains: the thumb, palm, fingers, and connection (3, 4) . The C-terminus of p66 contains an additional 120 amino acid residues that form the bulk of the RNH domain. Despite having identical N-terminal sequences, the arrangement of the subdomains in the two subunits differs dramatically. The p66 subunit contains a large cleft formed by the fingers, palm, and thumb subdomains that can accommodate double-stranded nucleic acid template-primers (3) (4) (5) (6) . Although the p51 subunit contains the same four subdomains, it does not form a nucleic acid binding cleft. Because of its pivotal role in the HIV life cycle, HIV RT is a primary target for antiretroviral agents. All RT inhibitors currently approved for the treatment of acquired immune deficiency syndrome (AIDS) inhibit the polymerase activity of HIV-1 RT; there are no anti-AIDS drugs that specifically inhibit RNH. There are two major classes of anti-RT drugs: nucleoside/nucleotide RT inhibitors (both called NRTIs for simplicity), and non-nucleoside RT inhibitors (NNRTIs). NRTIs block reverse transcription because they lack a hydroxyl group at the 3=-position of the ribose ring and, when incorporated into viral DNA by RT, act as chain terminators. The NNRTIs, in contrast to NRTIs, bind in a hydrophobic pocket ϳ10 Å from the polymerase active site ( Figure 1 ) and act noncompetitively. Binding an NNRTI does not prevent the binding of the nucleic acid or nucleoside triphosphate substrates to RT; rather, the NNRTI blocks the chemical step of the polymerization reaction (7, 8) . Crystallographic studies (9, 10) have shown that the binding of an NNRTI causes conformational changes near the polymerase active site of HIV-1 RT, including a displacement of the ␤12-␤13-␤14 sheet that contains the polymerase primer grip (9) (10) (11) (12) , which is important for properly positioning the nucleic acid relative to the polymerase active site. Binding an NNRTI can also influence the geometry at the polymerase catalytic site (13) (14) (15) . Many NNRTIs do not affect RNH activity; however, certain NNRTIs, rather than inhibit RNH activity, have been reported to increase the number of RNH cleavages and the rate of RNH activity under certain conditions (16) (17) (18) .
The early successes of highly active antiretroviral therapy are now threatened by the emergence of drugresistant viral variants, which arise from the rapid and error-prone replication of the virus (reviewed in ref 19) . Because the virus can be suppressed but not eradicated in patients, drug treatments are life-long. This makes the toxicity of many of the existing drugs a significant problem in AIDS therapy. It is important to develop new inhibitors of HIV-1 that will target novel binding sites and inhibit essential viral functions that are not affected by existing drugs. Cross-resistance between such new inhibitors and existing drugs is unlikely. One such target is the RNH activity of HIV-1 RT.
Several classes of HIV-1 RNH inhibitors (RNHIs) have been reported, some of which have sub-micromolar activity. In contrast, most of the effective anti-AIDS drugs have IC 50 values in the nanomolar or sub-nanomolar range, so the potency of the current RNHIs needs to be substantially improved. One of the most potent classes of RNHIs is the N-acyl hydrazone (NAH) analogues that are derivatives of N-(4-tert-butylbenzoyl)-2-hydroxy-1-naphthaldehyde hydrazone (BBNH) (20, 21) . NAH compounds have been shown to inhibit either the polymerase or the RNH activity of RT and, in some cases, both (20, 21) .
The development of effective RNHIs has been hampered by the lack of detailed knowledge of how the current lead compounds interact with HIV-1 RT. To better understand the mechanisms of the RNH inhibition and to help design improved inhibitors, we solved the crystal structure of HIV-1 RT in complex with the novel NAH analogue (E)-3,4-dihydroxy-N=-((2-methoxynaphthalen-1-yl)methylene)benzohydrazide (DHBNH) at 3.15 Å resolution. Table 1) ; this inhibition was noncompetitive with respect to the hybrid duplex nucleic acid substrate (data not shown). In contrast, DHBNH was unable to inhibit the RNAdependent DNA polymerase (RDDP) activity of HIV-1 RT in standard processive RDDP assays using poly(rA)-oligo(dT) as template-primer. DHBNH was also ϳ40-fold less potent at inhibiting a catalytically active isolated HIV-1 RT-RNH domain (22, 23) . This suggests that the binding pocket for interaction of DHBNH with RT may be outside the RNH domain of the enzyme.
Overall Protein Conformation. The RT/DHBNH complex crystallizes with an overall RT conformation similar to that observed in RT/NNRTI complexes. In this conformation, the cleft between the fingers and the thumb of p66 is wider than that in HIV-1 RTs complexed with either DNA-DNA (4, 5, 15) or RNA-DNA (6) template-primers. In the RT/DHBNH structure, the inhibitor does not bind in the vicinity of the RNH active site; instead, it binds to a novel site Ͼ50 Å away, between the NNRTI-binding pocket and the polymerase active site (Figures 1 and 2) . The binding site, located in the palm of p66, is formed by the ␤12-␤13 loop (including the polymerase primer grip, residues 229-231), Val108 of the ␤6 strand, and the ␤10 strand (including residues 186-188). The inhibitor binds within 3.5 Å of the catalytic YMDD sequence in the ␤9-␤10 turn (p66 residues 183-186). DHBNH is oriented with its benzoyl ring partially entering the NNRTI pocket and the naphthyl ring system near the polymerase active site and the polymerase primer grip (Figure 2) .
In structures of unliganded RT and RT complexed with nucleic acid, the side chains of Tyr181, Tyr188, and Trp229 fill the NNRTI pocket. Indeed, in the available structures, the pocket does not exist in the absence of an NNRTI. In the RT/DH-BNH structure, the side chain of Trp229 is displaced from the pocket, as it is in RT/NNRTI structures; in the RT/DH-BNH structure, the Trp229 side chain is positioned to interact with the benzoyl moiety of DHBNH. In structures of RT/NNRTI complexes, the side chains of Tyr181 and Tyr188 normally point toward the polymerase active site, helping to form the hydrophobic pocket in which the NNRTI binds (3, 9, 10, 24, 25) . By contrast, in the RT/DHBNH structure, the side chains of both tyrosines point away from the active site and are in positions similar to those in unliganded RT (9, 10) and RT complexed with nucleic acids (4-6, 15) (Figure 3 ). Although the side chains of Tyr181 and Tyr188 are in positions similar to those of unliganded RT and fill some of the NNRTI-binding pocket, an unoccupied cavity is present in the part of the pocket adjacent to the DHBNH hydroxyl on the 4-position of the benzoyl ring.
As in RT/NNRTI structures, the polymerase primer grip of the RT/DHBNH structure is substantially displaced from its position in unliganded RT, but its position in RT/DHBNH is significantly different from that seen in many RT/NNRTI complexes. When the NNRTI-binding pocket of the RT/DHBNH structure is superposed on a typical RT/NNRTI structure (the superposition is based on p66 residues 107-112 and 178-215), the position of the catalytic YMDD ␤9-␤10 turn is similar in both structures, whereas the position of the polymerase primer grip in the RT/DHBNH structure is further from the active site by Ͼ1.4 Å compared with typical RT/NNRTI structures ( Figure 3 ). Protein-Ligand Interactions. DHBNH appears to have specific interactions with several amino acid residues, including the highly conserved residues Trp229 and Asp186. DHBNH interacts with other residues, including Val108, Leu187, Tyr188, Lys223, Phe227, and Leu228 ( Figure 4 , Supplementary Table 1) . Contacts with most of these residues involve interactions with main-chain or C␤ atoms or both, suggesting that inhibitors that bind to the same site as DHBNH may be effective against viruses that carry most of the common mutations that give rise to NNRTI resistance. As expected, DHBNH retains full inhibitory potency against the RNH activities of HIV-1 RT mutants that are resistant to a variety NNRTIs and NRTIs, including Tyr188Leu ( Table 2 ).
The naphthyl ring of DHBNH is solvent-exposed. Most of the stabilizing contacts are with both the side chain and main chain of Leu228, including a possible hydrogen bond with the main-chain nitrogen ( Figure 4 , Supplementary Table 1 ). The main-chain carbonyl oxygen of Pro226 also appears to form a hydrogen bond with the naphthyl ring. It is possible that the side chain of Lys223 interacts with the naphthyl ring directly or indirectly (i.e., through a water molecule), but the electron density is ambiguous. The position of the side chain of Lys223 appears to be stabilized by interactions with Glu224 and Pro226. Loop modeling using the program Prime suggests an alternative conformation for Lys223 in which a salt bridge is formed with Asp110. This lowerenergy conformation also restricts the binding pocket and may provide additional stability to the bound DHBNH. 3F o -2F c difference maps of the naphthyl region suggest the possibility that there may be alterna- tive binding modes for the naphthyl ring. The modest resolution produces a large electron density envelope around DHBNH, leading to some uncertainty about the geometry and position of the central (hydrazone) region of the inhibitor. In a crystal structure of the related NAH, BBNH, the free inhibitor was co-planar, except for substituents on the benzoyl ring (M. A. Parniak and G. I. Dmitrienko, unpublished data). Quantum mechanical calculations were performed to generate torsional energy profiles for rotation around each of the DHBNH core angles. Several structures from the Cambridge Structural Database (26) were identified that contained the same core motifs as DHBNH, and these structures were consistent with the energy minima determined for the core torsional angles. These energy profiles were used as guides to model DHBNH into the observed electron density. In the structure, the main-chain carbonyl of Leu228 is 3.1 Å away from the hydrazone nitrogen adjacent to the benzoyl group (Figure 4 ), which appears to be oriented appropriately to form a hydrogen bond.
Structure-Activity Relationship (SAR) Analysis. The benzoyl ring of DHBNH fits into a tunnel formed by Val108, Tyr188, Phe227, Leu228, and Trp229 that leads directly into the NNRTI-binding pocket. The hydroxyl at one of the meta positions on the benzoyl ring is Ͻ2.9 Å away from the indole ring of Trp229. The electron density for this portion of DHBNH suggests that there may be partial occupancy for a hydroxyl at the second meta position. This would imply that when bound to HIV-1 RT, the benzoyl ring of DHBNH may exist in two conformations. The second conformation would require a small adjustment in the position of the inhibitor, because there are close contacts with Trp229 and Tyr188, and this adjustment may account for the relatively broad electron density envelope for DHBNH.
The structure predicts that DHBNH derivatives with bulky substitutions at the para position of the benzoyl ring would access part of the NNRTI-binding pocket, which could cause increased inhibition of the RT polymerase activity while retaining the ability to inhibit RNH ( Figure 2 ). To test this possibility, we prepared a series of NAHs with increasingly bulky substituents at the para position of the benzoyl ring ("A"-ring, Table 3 ). As predicted, the ability of NAH to inhibit RT DNA polymerase activity is substantially enhanced when the size of the para substituent is increased. In contrast, these same substitutions do not significantly affect the ability of the compounds to inhibit the RNH activity of HIV-1 RT.
A recently published structure for RT in a complex with the NNRTI CP-94,707 (27) suggests the idea that there is an opportunity to develop DHBNH derivatives that have NNRTI-like activity. The RT/CP-94,707 structure is similar to the RT/DHBNH structure in that the side chains of Tyr181 and Tyr188 are in the conformation seen in unliganded RT, and the overall conformations of the polymerase active site and NNRTI-binding pocket are very similar to those of RT/DHBNH ( Figure 5 ). However, the binding of CP-94,707 differs from that of DHBNH in that CP-94,707 binds well inside the NNRTI-binding pocket with its benzo-thiazolidinone ring between Trp229 and Tyr188. The benzo-thiazolidinone ring of CP-94,707 appears to play a role similar to the benzoyl ring of DHBNH, which could account for the similarity in the overall conformations of the two structures. When the polymerase active sites of the two structures are superimposed ( Figure 5 ), only the benzo-thiazolidinone ring of CP-94,707 overlaps the benzoyl ring of DHBNH. This superposition suggests that it may be possible to develop inhibitors that contact both the DHBNH and NNRTI binding sites and that such compounds would inhibit both the RNH and polymerase activities of HIV-1 RT.
A "dual inhibitor" could have both disadvantages and advantages. A DHBNH-like inhibitor with substituents that form contacts in the NNRTI pocket may be subject to cross-resistance from mutations that cause resistance to NNRTIs. A properly designed inhibitor, www.acschemicalbiology.org however, could avoid this pitfall. For example, flexibility can be built into key positions on the NNRTI-like substituent so that the drug could assume multiple conformations in response to mutations in the NNRTI pocket. Flexibility of the compound is believed to contribute to the resilience of certain diarylpyrimidine-series NNRTIs, which show considerable promise in clinical trials against many NNRTI-resistant mutant strains (28) (29) (30) (31) .
In addition, the DHBNH-like binding contacts could help to compensate for the loss of protein-inhibitor interactions that occur when residues in the NNRTI-binding pocket are mutated. An inhibitor with both DHBNH-like and NNRTI-like contacts could be highly specific for HIV-1 RT. Ongoing studies should help us determine the benefit of substitutions at the para position of the benzoyl ring of DHBNH. It should be noted that DHBNH derivatives without substitutions at this position are effective against a variety of NNRTI-resistant HIV-1 mutants, including variants with multiple mutations in the NNRTI-binding pocket (Table 2 and ref 20) .
Mechanism of Action. DHBNH is a sub-micromolar inhibitor of the RNH activity of HIV-1 RT and a very weak inhibitor of RT polymerase activity as measured in standard RT RDDP assays using a DNA primer (IC 50 Ͼ 25 M). The superposition of the RT/DHBNH coordinates with structures of RT complexed with either RNA-DNA (6) or DNA-DNA (15) suggests that DHBNH would not prevent the binding of the template-primer or the dNTP substrates. This is consistent with the weak inhibitory activity of DHBNH against RT-catalyzed DNA synthesis. DHBNH does, however, inhibit to some extent the initiation of reverse transcription during HIV replication in vivo ( Figure 6 , panel a) as well as RNA-primed RT-catalyzed DNA polymerization in vitro ( Figure 6, panel b) , although at concentrations substantially higher than those needed to inhibit RNH activity. Nonetheless, real-time polymerase chain reaction (PCR) analysis suggests that inhibition of the initiation of reverse transcription might make a significant contribution to the antiviral activity of DHBNH. The basis for the inhibition of the initiation of viral DNA synthesis is presently unclear, and additional studies are needed.
The similarity in conformation between RT/DHBNH and RT/CP-94,707 (27) suggests that these two compounds may have a similar mode of action. It is possible, for example, that CP-94,707 might also inhibit RNH activity. CP-94,707 was originally identified as an inhibitor of initiation of transfer-RNA (tRNA) primed DNA synthesis (27) , supporting the idea that DHBNH may effectively inhibit initiation of tRNA-primed synthesis of minus-strand DNA.
If DHBNH interferes with correct positioning of a DNA-RNA substrate (e.g., by affecting the position of the polymerase primer grip), then this effect might be even more pronounced with an RNA-RNA substrate. The initiation of HIV RT-catalyzed DNA synthesis with an RNA-RNA primer-template is intrinsically less efficient than that from a DNA-RNA primer-template even in the absence of inhibitor ( Figure 6, panel b) . Because the RT polymerase primer grip interacts with the 3=-terminus of the primer, even a slight distortion of the conformation at the primer grip could affect the correct positioning of the primer 3=-terminal nucleotide, and the consequences could be more pronounced when the 3=-terminus is a ribonucleotide (possibly due to altered interaction with the 2=-hydroxyl of the ribonucleotide). Furthermore, duplex RNA is intrinsically more rigid than DNA-RNA and is expected to be more refractory to forming the ϳ40°b end between A-and B-forms of the template-primer as seen in complexes of RT with duplex nucleic acid (6, 15) . Both of these factors may contribute to the substantially reduced levels of DNA synthesized in assays in which an RNA-RNA substrate is provided to RT in the presence of DHBNH.
Our current structural data for DHBNH are consistent with a mechanism of inhibition that involves the binding of DHBNH proximal to the polymerase active site (Figure 7) . We believe this causes structural changes in the polymerase primer grip that may alter the trajectory of the template-primer between the polymerase and RNH domains, so that the sugarphosphate backbone of the RNA template would not be properly positioned at the RNH active site and could not be cleaved. Changes in specificity and efficiency of RNA cleavage caused by changes in the polymerase domain of RT have been reported previously. For example, mutations in the polymerase primer grip and thumb of p66 have been shown to dramatically alter the specificity of RNH cleavage of the RNA template strand (32) (33) (34) (35) (36) (37) . Furthermore, crystallographic studies suggest that the polymerase primer grip plays a role in positioning the RNA template relative to the RNH active site (6, 15) . Moreover, there is excellent agreement between the structural data, the model, and the SAR that predicts which of the substituted compounds will interact with the NNRTI-binding pocket.
We cannot exclude the possibility that DHBNH also binds at a second site near the RNH active site. We previously suggested, based on kinetic analysis of the inhibition, that NAHs may inhibit RT polymerase and RNH activities by binding to two different sites on the enzyme (20, 21) . A second DHBNH binding site is supported by the observation that DHBNH is equally effective at inhibiting RT RNH activity in the presence or the absence of 20 M of the NNRTI nevirapine (data not shown), a concentration that would saturate the NNRTI-binding site. When nevirapine is bound to RT, the side chain of Tyr188 rotates toward the polymerase active site (3, 9, 
10, 24, 25)
into a position that would block the binding of the benzoyl ring of DHBNH observed in the current structure. This hypothetical second binding site could be formed in part by the RNA-DNA substrate and would not be present in the crystals we prepared, because nucleic acid was not cocrystallized with the protein. We are trying to obtain a crystal structure of DHBNH bound to the RT-nucleic acid complex.
Conclusions.
We have refined a 3.15 Å resolution crystal structure of HIV-1 RT complexed with DHBNH, an NAH-class RNHI. The crystal structure shows that DHBNH binds to a novel site adjacent to the polymerase active site and the NNRTI-binding pocket, Ͼ50 Å away from the RNH active site. Binding of DHBNH directly affects the position of the polymerase primer grip, as well as the thumb, which is located adjacent to the primer grip. This finding is consistent with the possibility that the inhibitor perturbs the trajectory of the template-primer so that RNH cannot cleave the RNA strand of an RNA-DNA duplex. Preliminary SAR studies show that DHBNH derivatives with substituents on the benzoyl ring can interact with residues in the NNRTI-binding pocket to inhibit the polymerase activity, as predicted from the RT/DHBNH structure. The DHBNH binding site provides opportunities to develop new inhibitors that can inhibit the polymerase activity, the RNH activity, or both. More importantly, the prevalence of DHBNH interactions with main-chain and C␤ atoms suggests that inhibitors developed based on chemical modifications of DHBNH have the potential to be effective against a wide range of drug-resistant mutant strains of RT. [12] [13] [14] [15] [16] [17] [18] were products of Amersham Biosciences. The oligonucleotides 5=-GAU CUG AGC CUG GGA GCUfluorescein-3= and 5=-dabcyl-AGC TCC CAG GCT CAG ATC-3= were synthesized and provided as an annealed RNA-DNA duplex by TriLink Biotechnologies (San Diego, CA). Trilink Biotechnologies also provided all other oligonucleotides used in these studies.
Synthesis of NAHs. DHBNH and other NAHs were synthesized by condensation of the aromatic aldehyde with the corresponding acid hydrazide, essentially as described previously (38) . As an example, DHBNH was prepared by the dropwise addition of 3,4-dihydroxybenzyhydrazide (1.1 mM in 10 mL of ethanol) to a solution of 2-methoxy-1-naphthaldehyde (1 mM in 4% acetic acid in ethanol) with stirring while heating in a boiling water bath. Heating and stirring were continued for 20 min following completion of addition of the ethanolic acid hydrazide solution, and then the mixture was allowed to cool to room temperature. The precipitate was collected by filtration, washed with cold ethanol and diethyl ether, and dried. Elemental and mass spectral analyses were consistent with the expected structure (for summary of DHBNH characterization data, see Supplementary  Figures 1-3) .
Protein Preparation and Purification. HIV-1 RT was prepared as described previously (39) . The RT/DHBNH crystallization complex was prepared by mixing 7.4 L of 20 mM inhibitor in dimethyl sulfoxide (DMSO) with 2.5 L of 20% ␤-octyl glucopyranoside. Of this solution, 7.5 L was combined with 65.0 L of 40 mg mL -1 RT and 57.5 L of additional RT buffer (10 mM trishydroxymethylaminoethane (Tris), pH 8.0, 75 mM NaCl) on ice. A catalytically active chimeric isolated HIV-1 RNH domain protein containing an ␣-helical substrate-binding loop derived from Escherichia coli RNHI (22, 40) (termed p15-EC, a kind gift from C. Shaw-Reid, Merck Research Laboratories, West Point, PA) was expressed and purified as described previously (40) .
Assay of RT RDDP Activity. HIV-1 RT RDDP activity was generally determined by a fixed time assay as previously described NAHs were prepared in DMSO. Aliquots of these DMSO solutions containing the inhibitor were added such that the final DMSO concentration was Ͻ2%. Reaction assays were incubated at 37°C for 10 -20 min and then quenched with 500 L of cold 20 mM sodium pyrophosphate in 10% trichloroacetic acid (TCA). After 30 min on ice, the samples were filtered on Whatman 934-AH glass fiber filters and washed with 10% TCA and ethanol, and the radioactivity determined by liquid scintillation spectrometry.
RNA-primed and DNA-primed RT RDDP activity was evaluated using a 42-nucleotide RNA template of the sequence 5=-GGAAAAUCUCUACGAGUGGCGCCCGAACAGGGACCUGACCAG-3= annealed to the complementary 21-nucleotide RNA primer 5=-CUGGUCAGGUCCCUGUUCGGG-3= or to the complementary 21-nucleotide DNA primer 5=-CTGGTCAGGTCCCTGTTCGGG-3=. Reaction mixtures (15 L final volume) contained 50 nM template-primer, 250 nM p66/p51 RT, and 25 M of each dNTP ([␣-32 P]-dCTP was included as tracer) in 50 mM Tris, pH 8.0, containing 60 mM KCl and 5 mM MgCl 2 , in the presence or the absence of 10 M DHBNH. Briefly, RT and template-primer were incubated at 37°C for 5 min, and then the reactions were started by the addition of the dNTPs and MgCl 2 to the final concentrations indicated. After a 10 min incubation at 37°C, reactions were quenched by the addition of an equal volume of sequencing gel loading buffer (98% deionized formamide, 10 mM EDTA, and 1 mg mL -1 each of bromophenol blue and xylene cyanol) followed by heating at 95°C for 5 min. Reaction products were resolved by denaturing gel electrophoresis, and the amount of full-length 42-nucleotide polymerization product was quantified by phosphorimaging.
Assay of RT RNH Activity. RT RNH activity was measured using a FRET-based microplate fluorescence assay that we have recently described (41) . Briefly, 50 L of a 0.5 M solution of RNA-DNA hybrid duplex in 50 mM Tris, pH 8.0, containing 60 mM KCl, was added to individual wells of a 96-well microplate. Reactions were initiated by the addition of 50 L of 5 nM HIV-1 RT in 50 mM Tris, pH 8.0, containing 60 mM KCl and 10 mM MgCl 2 and allowed to proceed at 37°C for 30 min. Reactions were quenched by the addition of 50 L of 0.5 M EDTA, pH 8.0. Fluorescence intensity was assessed using an excitation wavelength of 490 nm and an emission wavelength of 528 nm, with cutoff filter set to 515 nm. To assess the effect of inhibitors, 1 L of a DMSO inhibitor solution was added to the microplate well prior to the addition of substrate and RT solutions in order to ensure adequate mixing and suspension of the hydrazone in the aqueous reaction medium.
Cell Culture and Antiviral Assays. Antiviral assays were carried out by infection of MT-2 lymphoblastoid cells in the presence of varying concentrations of DHBNH essentially as previously described (20) . Briefly, MT-2 cells (4 ϫ 10 5 cells mL ; Quality Biological). VSV-g pseudotyped HIV vectors that undergo a single cycle of replication were generated by cotransfecting 293 cells with 5 g of pNLNgoMIVR-E-.HSA and 3 g of pHCMV-g using the calcium phosphate method. The 293 cells were washed with 10 mL of phosphate-buffered saline (PBS) 8, 24, and 32 h after transfection. The 48-h supernatants were harvested, clarified by centrifugation, and filtered through a 0.45 m filter. The supernatants were treated with 100 units of RNase-free DNase I (Roche) for 30 min at room temperature and were then concentrated to 2 mL using the 300,000 MWCO Vivaspin 20 mL concentrators. The viruses were diluted to a total volume of 13 mL in complete media, and then 2 mL of diluted virus was used to infect 2 ϫ 10 5 HOS cells. Stocks (10 mM) of DHBNH were prepared in DMSO and diluted to a final concentration of 10 M in the treated groups, which were incubated for 4 h with DHBNH prior to viral infection. HOS cells were washed with 2 mL of PBS 2 h after infection, and then fresh medium was added. Total DNA was isolated 2, 4, and 24 h after infection using the EZ-1 DNA Tissue protocol (Qiagen). Real-time PCR reactions were used to quantitate the amounts of DNA in the infected cells as previously described (42) . Virions containing the D110E polymerase active site mutation were also generated and used to demonstrate that the plasmid DNA used in the transfection did not significantly contribute to the amount of viral DNA measured.
Crystallization and Data Collection. RT/DHBNH was crystallized by vapor diffusion in microseeded hanging drops containing equal volumes of protein (above) and reservoir solution (50 mM imidazole, pH 6.4, 100 mM ammonium sulfate, 15 mM magnesium sulfate, 5% glucose, 11.5% poly(ethylene glycol) (PEG) 8000) at 4.0°C. RT/DHBNH crystals were transferred to a stabilization solution containing mother liquor and 15% PEG 8000. This was replaced stepwise at 5-10 min intervals with stabilization solutions containing increasing concentrations of sucrose in 5% increments until the sucrose concentration was 25%. The crystals were subsequently flash-cooled and stored in liquid N 2 . X-ray data were collected at 100 K at the National Synchrotron Light Source at Brookhaven National Laboratories, Beamline X25. The data were processed using HKL-DENZO-SCALEPACK (43) . Crystallographic statistics are shown in Supplementary  Table 2) .
Computational Methods. Density functional theory calculations were carried out with the Gaussian 98 software package (44) using the B3LYP functional model (45, 46) and the 6-31G* basis set. Each of the four torsional angles in the DHBNH core was scanned in 15°increments followed by geometry optimization. Loop modeling of p66 residues Gln222 through Leu228 was performed using Prime (Schrödinger, LLC) with the AGBNP solvation model (47, 48) .
Structure Determination and Refinement. Phases were determined by molecular replacement with the program AMoRe (49) using the HIV-1 RT/R100943 structure (PDB accession number 1S6P) as an initial search model. Stepwise model building and torsional simulated annealing refinement protocols were conducted using the O graphics package (50) and CNS (51) with a bulk solvent correction. Ligand geometry was optimized using the IMPACT software package (Schrödinger, LLC). Restrained minimization of the entire complex, in which hydrogen atoms were added to the structure, side-chain hydroxyl groups were reoriented, and potential steric clashes were alleviated, was performed using Schrödinger's FirstDiscovery protein preparation facility (Schrödinger, LLC). Results from the energetic calculations performed in FirstDiscovery and Prime (above) were itera- 
